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In Zeeman spectra of a GaAs-AlGaAs quantum wire array with superlattice period lp, the zero-
field shift is found to increase in steps of (2pi~/e)l−2p at the cyclotron radius Rc ≈ lp, lp/2, and lp/3.
This shift, caused by spin-Landau orbit coupling and quantized in units of the flux quantum 2pi~/e,
is a manifestation of the gauge invariance, and the first observation of the flux quantization in a
non-superconducting material. The quantum interference associated with the phase difference in
the quantum barrier scattering is also reported.
71.70.Ej, 78.66.-w, 73.20.Dx, 78.20.Ls
The electronic properties of one-dimensional (1D)
quantum structures attract particular interest. How-
ever, most of the studies of 1D confinement are limited
to investigations of transport [1,2] and optical properties
[3–5], and little is known about 1D quantum confinement
on the electronic spin state. In this letter, we report ex-
perimental results on the Zeeman splitting of a quasi-1D
confined electron system, namely a quantum wire (QWR)
array. In this system, the electronic motion is influenced
by three characteristic physical lengths: radius Rc of the
Landau orbit, periodic length lp of the quantum wire su-
perlattice, and exciton diameter. The results show that
the spin of the electron confined in an 1D periodic po-
tential is coupled with the Landau orbital motion - this
is observed as the zero-field splitting increases in steps
for the applied field. The internal field produced by the
Landau orbital motion gives the flux per l2p quantized in
units of the flux quantum 2pi~/e, which is characterized
by Rc and lp from the Landau gauge magnetic translation
(LGMT).
The Zeeman spectra are obtained from polarization
dependent magneto-photoluminescence (PMPL) in a
GaAs/Al0.5Ga0.5As QWR array sample. The sample was
grown using our Riber MBE system by migration en-
hanced epitaxy on vicinal GaAs surfaces of 1◦ off from
(001) plane [6,7]. The growth of GaAs and AlGaAs lay-
ers were switched every 1/2 monolayer, and repeated for
30 periods. The structure thus consists of GaAs QWR of
30 molecules in width and height with AlGaAs barriers
of 30 molecules between the wires, providing the super-
lattice period lp ≈ 170 A˚. The PMPL is detected using
pi/2 circular polarizer, while applying dc magnetic field
perpendicular to the array plane. The PMPL at 4.2 K
∗E-Mail address : jcwoo@plaza.snu.ac.kr
†Present address : W.L. Gore and Associates, Elkton, MD 21921, U.S.A.
1
is obtained in steps of l T up to 32 T with a resolution
of ≤ 0.05 meV. The spin up and down components of
the Zeeman splittings are obtained by reversing the field
direction. The TEM image of this sample and schematic
diagram of the array structure with respect to the applied
field are shown in Fig. 1 (a) and (b), respectively.
The PMPL peak positions E+ and E−, which corre-
spond to spin up and down components respectively, are
shown with N and H symbols in Fig. 2. The solid line
indicates the average of E+ and E−, which corresponds
to the conventional diamagnetic and Landau shift. The
PMPL peak at zero field is observed at a photon energy
of 1942.5 meV. A typical PMPL linewidth (FWHM) is
12 meV at low field and gradually decreases to 10 meV
at high field.
The data obtained at high fields are compared with
the dispersion of the lowest sublevel of the 2D electron
system,
Eλ± = E0 +
(
λ+
1
2
)
~eBa
m∗
±
1
2
geffµBBa, (1)
where + and - denote the electronic spin up and down
states, E0 the lowest level energy, λ(= 0, 1, 2, · · ·) the
Landau level index, ωc = eBa/m
∗ the cyclotron fre-
quency, µB = e~/2me, geff the effective g-factor, m
∗ the
reduced effective mass, and me the free electron mass.
From the slope of Eλ,ave = (Eλ+ + Eλ−)/2 for Ba > 10
T, m∗ = (0.145± 0.003)me is obtained.
Zeeman splitting is obtained from the separation of the
spin up and down states, ∆E = E+ − E−, and is sum-
marized in Fig. 3. Our results at Ba ≥ 4 T show that
only the electron spin in the ground sublevel contributes
to the Zeeman splitting with little excitonic effect. The
microwave measurement has also reported that the elec-
tronic spin state is hardly affected by the holes in an
undoped quantum well (QW) [8,9]. Unlike 2D cases, the
Zeeman splitting of the ground-state electron can be fit
to a single line of ∼ geffµBBa, our Zeeman data can-
not be fit to a single line of geffµBBa. Using the value
geff = −0.44 which is the g-value of GaAs bulk and un-
doped GaAs QW [10], the data for Ba ≥ 4 T fit rather
well with three stright lines, in the form
∆E = geffµBBa + Ξ. (2)
The best fit values of Ξ are 0.85 meV for 4 T ≤ Ba ≤
8 T and 1.70 meV for 9 T ≤ Ba ≤ 15 T. For Ba ≥ 16
T, the six data points at Ba = 16, 17, 20, 21, 24, and
25 T, which are the peaks of the oscillation existing in
this region, are used for the fit and Ξ is found to be 2.50
meV. (See solid lines in Fig. 3.) The above three regions
are referred to as Regions 1, 2, and 3, respectively. For
these three regions, the Zeeman separation in Eq. (2) can
be rewritten as
∆En = geffµBBa + nX (3)
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with X = 0.85± 0.02 meV and n = 1, 2, and 3. The shift
Ξ and thus nX in Eq. (3) are mathematically equivalent
to a zero-field shift in magnetic resonance, and the Zee-
man energy Z can be understood in terms of the internal
magnetic field Bi:
Z = µBs ·Bi, (4)
where s is the electron spin operator. Since the only
source for the internal field is the cyclotron motion of
the electron, it is natural to attribute the zero-field shift
to the spin-Landau orbit coupling, which is similar to the
L · s coupling in an atom. The separation between the
spin up and down states coupled with the internal field
Bi = Bizˆ becomes
∆Z = µB(s↑ − s↓) ·Bi = µBBi ≡ nµBB1. (5)
When our experimental value of X = 0.85± 0.02 meV is
substituted for µBB1 in Eq. (5), it is found that
B1 = 15.6± 0.4T. (6)
To explain this quantized shift, we consider a 2D elec-
tron in a magnetic field. In the Landau gauge A =
xˆ(−y)B, the wavefunction at the ground-state Landau
level is given by
Ψkx ≡ 〈x, y | λ = 0, kx〉
= exp(ikxx) exp
[
−
m∗ωc
2~
(
y −
~kx
m∗ωc
)2]
. (7)
If we introduce an over-simplified 1D potential of our
QWR superlattice U(y) = U0 cos(2piy/lp), we can see
that 〈k′x | U | kx〉 = U0 exp(−pi/2f) cos(kxlp/f)δk′x,kx is
diagonalized with f ≡ eBal
2
p/(2pi~). Comparing with the
Harper equation on a 2D square lattice [11], this shows
that
kx =
2pin
lp
(8)
is a good quantum number, which is well-defined along
the x direction. Through the use of Eq. (7), the expecta-
tion value of the z-component of the angular momentum
is obtained as
〈Lz〉 =
∫ ∫
Ψ∗kx
[
−i~
(
x
∂
∂y
− y
∂
∂x
)]
Ψkxdxdy
=
∫ ∫
Ψ∗kx
[
~kxy − im
∗ωcx
(
y −
~kx
m∗ωc
)]
Ψkxdxdy
=
~
2
m∗ωc
k2x (9)
A precise calculation of the effective field produced by the
cyclotron motion of the electron in this system and cou-
pled with the spin contributing the zero-field shift may
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require many-body consideration. However, for an ap-
proximate computation, let us assume that the spin cou-
pling is dominated by the field near the orbit. Then, this
field can be obtained via the semi-classical approach to
obtain the field
Beff =
m∗v
elp
=
(eBa〈Lz〉)
1/2
elp
=
2pi~
el2p
n (10)
where Eq. (8) and (9) have been used. This show that the
flux passing through the area defined by the 1D period
Φ = Beff l
2
p =
2pi~
e
n (11)
may indeed be quantized in units of the integer flux quan-
tum 2pi~/e.
Hofstadter has investigated the commensurability ef-
fects associated with the field in units of the flux quan-
tum by applying the LGMT invariance to Bloch band
calculations [11]. However, this calculation is based on
a 2D periodic potential and considers the flux defined
by the periodic spacing along both x and y directions.
In our case, even though the QWR array has only one
periodic length along the y direction, the rotational sym-
metry in the LGMT brings the addtional characteristic
length along the x direction.
Now let us compute the flux Bi passing through the
square l2p. By substituting our experimental values of
Bi = Beff and lp = 170 A˚ into Eq. (11), we obtain for
n = 1
Φexp = B1l
2
p = (4.3± 0.1)× 10
−15T ·m2. (12)
This value coincides with the quantity
Φ1 =
2pi~
e
= 4.13× 10−15T ·m2 (13)
with the error of ≤ 5%.
The oscillatory behavior of the Zeeman shift is appar-
ent at Ba ≥16 T. (See the broken line in Fig. 3 which is 3
points averaging) The period of this oscillation is found
to be approximately ∆Ba = 4.7 T from the peaks indi-
cated with arrows in Fig. 3. This oscillatory behavior
has similarity with the quantum oscillation reported in
magneto-transport measurements [12,13] and the energy
level calculation [9,10], which is characteristic of the 1D
periodic potential. However, the oscillatory behavior of
our Zeeman splitting and the Landau-band conductivity
are different; one is periodic with Ba and the other with
1/Ba.
This Zeeman oscillation is also a quantum oscillation
caused by 1D periodicity, but it differs in nature. Since
the scattering conditions are different at points P and
Q of the heterointerface, these two orbits have different
phase factors (See Fig. 4). This phase difference in conse-
quence gives the quantum interference effect to the net ef-
fective field (observe the differences of the solid-line path
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and dot line path reflected by quantum barrier (QB) in
Fig. 4), and the period of the interference is obtained as
l2pe∆B/~ = 2pin. The oscillation period of ∆Ba = 4.7
T observed for n = 3 matches well with 1/3 of B1. The
constructive interference would occur at the applied field
corresponding to α ≡ lp/Rc = 3, where Rc =
√
~/(eBa),
and those separated by ∆Ba from that point. This is the
reason why we have chosen the six peaks in Zeeman sep-
aration, when we fit the data for n = 3. The reason why
the transition to Region 3 occurs around α = 2.6 rather
than α = 3 is not clear. It may merely be due to an ex-
perimental error introduced by the fluctuation of QWR
array period, or may be related to the interference effect.
The details on the quantum interference effect is out of
the scope of this paper and will be reported elsewhere.
Another feature of interest is the values of Ba where
the step-like transitions take place. They occur at α =
1, 2, and ≈ 3 for the transitions to Region 1, 2 and 3,
respectively. The transition occuring at n = α means
that the number of the flux quantum, n, is the maximum
number of the Landau orbit which can be linearly placed
in the stripe of the length lp. This also implies that the
propagation of the electron reflected by QB is modulated
along the QWR with the period of lp. This picture is
consistent with Eq. (8).
In conclusion, we have performed polarization depen-
dent magneto-photoluminescence
on a GaAs/Al0.5Ga0.5As QWR array sample and have
observed that the Zeeman separation increases in steps
at fields corresponding to α = 1, 2, and ≈ 3. The step-
like shift is the result of the spin coupling to the Landau
field, the field produced by the Landau orbital motion,
and provides the clear indication that the Landau field is
manifested at Bi = nΦ1l
−2
p in units of the flux quantum
Φ1 = 2pi~/e. It is the rotational symmetry of the Landau
orbit in conjunction with the linear translational invari-
ance that gives the additional dimensional confinement;
this yields effectively the 2D confinement condition simi-
lar to Hofstadter’s. Also observed along with the step-like
shift in the Zeeman splitting is the oscillatory behavior
which is apparent at Rc . lp/3. The Zeeman oscillation
is due to the quantum interference caused by the rota-
tional phase difference of Landau orbits in QB scatter-
ing. Both the Landau orbital field quantization and the
quantum oscillation are collective phenomena character-
ized by the 1D confinement and periodicity presented by
QWR array. The flux quantization observed in this well-
fabricated QWR array provides a clear indication that
a single electron in the Landau orbital path produces a
long-range quantum effect in which the coherence of the
1D confinement extends over a solenoid definded by the
superlattice period. We believe that this work provides
the direct and convincing evidence for the magnetic flux
quantum in non-superconducting material.
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FIG. 1. (a) TEM image of the QWR sample. (b) Schematic
diagram of the experimetal condition.
FIG. 2. The applied field dependence of peak positions of
polarization dependent magneto-photoluminescence spectra.
The symbols, N and H, are for the spin-up and down states,
respectively, and the solid line shows the average between the
two.
FIG. 3. The field dependence of Zeeman separation. The
solid lines are the best fit curves for the corresponding regions.
The arrows point to peaks in the oscillation maxima, and
α = lp/Rc is marked along x-axis.
FIG. 4. Schematic diagram of two cyclotron paths which
have different scattering conditions. It also schematically
shows the path (dot line) reflected at QB may present the
quantum interference effect with a cyclotron path (solid line).
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